Rationale Flexible behavior optimization relies on cognitive control which includes the ability to suppress automatic responses interfering with relevant goals. Extensive evidence suggests that the anterior cingulate cortex (ACC) is the central node in a predominantly frontal cortical network subserving executive tasks. Neuroimaging studies indicate that the ACC is sensitive to acute intoxication during conflict, but such evidence is limited to tasks using manual responses with arbitrary response contingencies. Objectives The present study was designed to examine whether alcohol's effects on top-down cognitive control would generalize to the oculomotor system during inhibition of hardwired saccadic responses. Methods Healthy social drinkers (N=22) underwent functional magnetic resonance imaging (fMRI) scanning and eye movement tracking during alcohol (0.6 g/kg ethanol for men, 0.55 g/kg for women) and placebo conditions in a counterbalanced design. They performed visually guided prosaccades (PS) towards a target and volitional antisaccades (AS) away from it. To mitigate possible vasoactive effects of alcohol on the BOLD (blood oxygenation level-dependent) signal, resting perfusion was quantified with arterial spin labeling (ASL) and used as a covariate in the BOLD analysis. Results Saccadic conflict was subserved by a distributed frontoparietal network. However, alcohol intoxication selectively attenuated activity only in the ACC to volitional AS and erroneous responses. Conclusions This study provides converging evidence for the selective ACC vulnerability to alcohol intoxication during conflict across different response modalities and executive tasks, confirming its supramodal, high-level role in cognitive control. Alcohol intoxication may impair top-down regulative functions by attenuating the ACC activity, resulting in behavioral disinhibition and decreased self-control.
Introduction
Impaired self-control ("loss of control") is proposed to play an important role in the development and maintenance of drug and alcohol abuse (Field et al. 2010; Koob and Volkow 2010) . The ability to inhibit automatic responses in favor of nonhabitual, but relevant responses is considered to be an essential aspect of cognitive control functions that are subserved by a predominantly prefrontal network, with the anterior cingulate cortex (ACC) as its central node (Botvinick 2007; Carter and van Veen 2007; Ridderinkhof et al. 2004) . Its critical role is supported by the extensive anatomical connections between the ACC and lateral prefrontal association and motor cortices, spinal cord and limbic structures, allowing it to integrate top-down modulatory effects within a goal-directed context (Barbas 2000; Devinsky et al. 1995) . However, the nature of the ACC involvement and the relative contributions of other areas are under continued debate. Prominent "monitoring" accounts propose that the ACC's primary role is to detect conflict and engage the lateral prefrontal cortex (PFC) to implement executive control (Botvinick et al. 2001; Kerns et al. 2004) , whereas other evidence additionally supports a more direct regulatory role of the ACC in implementing motor control (Johnston et al. 2007; Nachev 2006; Roelofs et al. 2006 ). The ACC is also engaged on error trials, consistent with the view that performance monitoring represents a form of conflict detection (Carter and van Veen 2007) . Since the lateral PFC also contributes to error processing and post-error adjustments (Danielmeier and Ullsperger 2011; Gehring and Knight 2000) , the issue of the functional specialization of these principal prefrontal nodes remains unresolved. One possible means of clarifying their relative contributions is to record brain activity during conflict conditions and error processing as a function of pharmacological manipulation in the form of acute alcohol intoxication.
Even though neuroimaging evidence of acute intoxication effects on cognitive control is limited, studies using the Stroop, Eriksen flanker and Go/Nogo tasks indicate that alcohol intoxication attenuates activity in frontoparietal areas during high-conflict and error trials, most prominently in the ACC (Anderson et al. 2011; Kovacevic et al. 2012; Marinkovic et al. in press; Marinkovic et al. 2012) . These findings suggest that cognitive control functions are vulnerable to acute intoxication. However, all of these studies used manual responses and probed cognitive control by introducing conflict between learned, arbitrary response contingencies. It is not known whether alcohol intoxication would exert comparable effects on cognitive control of responses that are reflexive and executed with a different motor system. Saccades are fast eye movements that help fixate and track visual stimuli in order to maintain accurate foveal image. At the cortical level, saccadic preparation and generation rely on the frontoparietal network, whereas the ACC and the lateral PFC subserve top-down inhibition (Johnston and Everling 2008; McDowell et al. 2008; Pierrot-Deseilligny et al. 2004) . The antisaccade task (Hallett 1978) probes the ability to inhibit prepotent, visually guided saccades (prosaccades [PS] ) and generate antisaccades (AS), eye movements toward a mirror-symmetrical position in the visual field. This conflict between the stimulus-driven PS and the volitional AS responses is reflected in more prominent activity to the AS compared to PS condition and is taken to represent saccadic inhibition in neuroimaging studies (Manoach et al. 2007; McDowell et al. 2008; Sweeney et al. 2007 ). Saccadic control deficits resulting from lesions of the ACC and lateral PFC confirm their role in saccadic inhibition (Gaymard et al. 1998; Milea et al. 2003; Pierrot-Deseilligny et al. 2005) .
The main aim of the present study was to examine the effects of moderate alcohol intoxication on inhibitory control of eye movements and error processing during the AS task in a within-subject placebo-controlled design. Analysis of the BOLD (blood oxygenation level-dependent) activity pattern can reveal whether the effects of alcohol are selective for the oculomotor areas (e.g., frontal [FEF] and supplementary eye fields [SEF] , superior parietal lobule [SPL]), top-down executive areas (e.g., ACC, PFC), or are generalized across cortical areas as a function of saccadic inhibition, error processing, and post-error adjustments. The BOLD signal depends on hemodynamic regulation and reflects neural activity only indirectly via neurovascular coupling (Buxton 2002 ). This presents a caveat concerning pharmacological manipulations since the BOLD magnitude differences may be partially confounded by vascular changes under alcohol (Iannetti and Wise 2007) . In an effort to quantify regional cerebral blood flow (CBF) changes, we have employed a resting arterial spin labeling (ASL) scan at each scanning session. Alcohol-induced CBF changes have been described in detail elsewhere (Rickenbacher et al. 2011) , and were used as covariates in the present study.
Methods

Participants
Twenty-two right-handed healthy volunteers (11 females; age (mean ± SD) = 24.8±2.5 years) participated in both alcohol and placebo sessions in a counterbalanced design, serving as their own controls. None reported any healthrelated problems, and none were taking any medications at the time of the study. They reported light-to-moderate alcohol use (Cahalan et al. 1969) , drinking 1.8±1.0 times per week, 2.2±0.7 drinks per occasion. Subjects reported no alcoholismrelated symptoms on Short Michigan Alcoholism Screening Test (SMAST; Selzer et al. 1975 ) and were negative for family history of alcoholism and drug abuse. All subjects gave written informed consent approved by the Human Research Committee at Massachusetts General Hospital and the Partners Healthcare Network before participating in the study. The study was performed in accordance with the ethical standards laid down in the Declaration of Helsinki.
Task
The Antisaccade Task requires inhibition of automatic behavior on AS trials, instructing participants to look in the opposite direction from where the stimulus appears (Hallett 1978) . Each 4-s trial began with a trial-type cue (Fig. 1) flanked by two dots with 10°eccentricity and was replaced by a target (Lee et al. 2011; Manoach et al. 2007 ). The target was presented either to the left or to the right for 1,000 ms as participants tracked and fixated it on PS trials, or looked at the dot in the opposite direction on AS trials. In the beginning of each session, the participants practiced to make saccades as quickly as possible without compromising accuracy. Stimulus presentation was synchronized with the scanner using the Presentation software (Neurobehavioral Systems). Triggers indicating trial type and saccadic direction were sent to the eye tracker system concurrently with each stimulus presentation. Subjects performed 192 trials of each type during six runs lasting 5.5 min each. Eye movements were recorded continuously during the task and analyzed offline. Fixation trials lasting 2-6 s were randomly interspersed in an eventrelated sequence providing temporal jitter for optimal deconvolution of the BOLD signal (Burock et al. 1998) .
Experimental design and procedure
Prior to the experiment, participants provided detailed information about their medical status, handedness, family history of alcoholism, level of response to alcohol, alcohol consumption, alcoholism-related symptoms, and filled out questionnaires probing disinhibitory and novelty seeking traits (please see Supplementary Material for details). Subjects served as their own controls by participating in both alcohol and placebo sessions in a counterbalanced order. The two sessions were scheduled 31±22 days apart on average. Upon their arrival to the laboratory, participants were asked about their compliance with the requirement to abstain from food for 3 h and from alcohol for at least 48 h before each session. All participants provided urine samples for the purpose of administering a fivedrug panel test (Medimpex Inc.) , and female subjects were additionally tested for pregnancy. All drug and pregnancy tests were negative. In an effort to hold constant possible hormonal influences on the imaging data (Goldstein et al. 2005) , we endeavored to schedule women's scans at the same phase of the menstrual cycle based on self-reports of cycle onset days. Urine tests of luteinizing hormone (Medipmex, Inc.) were consistent with self-reports and confirmed that none of the scans were scheduled during the midcycle hormonal surge.
Breath alcohol concentration (BrAC) was measured with a breathalyzer (Draeger, Inc.) on several occasions when the subject was outside the scanner, and Q.E.D. Saliva Alcohol Test (OraSure Techn, Inc.) was used during the actual scans. Participants rated their moods and feelings with the adapted Biphasic Alcohol Effects Scale (BAES; Martin et al. 1993) three times during each session: prior to drinking, on the ascending BrAC limb, and after the scan, on the descending BrAC limb. Beverage was administered as cocktail containing vodka (Grey Goose, Bacardi), 20 % v/v and orange juice (Kovacevic et al. 2012; Marinkovic et al. 2012; Rickenbacher et al. 2011 ) and consumed within 10 min. Alcohol beverage contained 0.60 g/kg of ethanol for men and 0.55 g/kg for women to adjust for body mass index differences (Friel et al. 1999) . Placebo beverage contained the same volume of orange juice. The task was administered 46±6 min after drinking. The average BrAC measured before the task was 0.045±0.012 % and 0.043±0.013 % following the task, suggesting that the task was administered at or near the BrAC peak. Upon completion of each experimental session, participants filled out a questionnaire asking them about various details of their experience such as perceived task difficulty, beverage dose, and intoxication self-ratings.
Data acquisition and analysis
Eye movement data
Eye movements were monitored and recorded with an infrared pupil/corneal reflection tracker system RK-826PCI (ISCAN, Inc., Woburn, MA) specifically designed for use in the MRI environment. Eye movements were tracked at 120 Hz during the functional scans and were analyzed offline with a semiautomatic MATLAB program (Mathworks, Natick, MA). Details of data acquisition and analysis are available in the Supplementary Material, and a sample tracing of the PS and AS trials is shown in Fig. S1 . Performance accuracy and saccadic reaction time (SRT) were analyzed for all responses. The overall BOLD analysis includes only correct trials. Erroneous responses were mostly self-corrected, but when a saccade was performed in a wrong direction with no evidence of self-correction, they were classified as "uncorrected" (Fig. 2) . Fig. 1 Saccadic paradigm included two types of trials. A cue was presented in the beginning of each trial for 300 ms. Red concentric circles indicate a pro-saccade (PS) trial and a blue circle signaled the anti-saccade (AS) contingency. The cue was replaced by a fixation target in the central location for 1,700 ms. The target moved either to the left or to the right (10°eccentricity) for 1,000 ms and the participants tracked it on PS trials or looked in the opposite direction on AS trials. The PS and AS trials were equiprobable, balanced for direction and were presented in a randomized order. The cue type was switched for half of the participants
Imaging data
Functional and structural brain images were acquired with a 3-T whole-body scanner (Siemens, Germany) fitted with a 12-channel head coil at the Martinos Center in Boston. Special care was taken to minimize head motions with the use of padding and head positioning device. Imaging data comprised structural scans (Supplementary Material) and a series of whole-brain BOLD images collected with a T2*-weighted EPI sequence of 30 interleaved consecutive 5-mm slices in AC-PC orientation (TR=2 s, TE=30 ms, flip angle = 90°, FOV=200 mm, 64×64 matrix, 3.13×3.13 mm in-plane resolution). Brain images were analyzed with FreeSurfer and FS-FAST package (Burock and Dale 2000; Dale et al. 1999; Fischl et al. 1999a) . Each subject's cortical surface was reconstructed and registered with a canonical surface for group averaging (Fischl et al. 1999b) . After motion correction, smoothing and normalization, the data were analyzed with the finite impulse-response (FIR) model. Motion did not exceed 2 mm for any dataset, but motion parameters were entered into the model as regressors. Correct trials were averaged for each condition vs. fixation contrast, as well as for conflict-specific activity (i.e., AS vs. PS contrast). Random effects statistical model resulted in F-distributed group activation maps (Fischl et al. 1999b ). Possible baseline shifts were removed by subtracting the average baseline HDR from the HDR waveform for both placebo and alcohol conditions, thus equating them at baseline. Voxelwise group-average maps are presented in Fig. 3 . Effects of gender, beverage, and stimulus type were further explored with a region-of-interest (ROI) analysis. The ROIs were defined on a group average using the unbiased orthogonal contrast and included the voxels active at p<0.00001 at the activation peak (4-8 s). The ROI placement was blind to each individual's activity pattern as the ROIs were automatically transferred from the average onto each individual cortical surface. Percent signal changes from baseline were computed for each ROI and each subject, session and condition and presented in the form of timecourses that were also baseline normalized (Fig. 4 ) and used in a mixed-design analysis of variance (ANOVA) with gender as a between-group factor. Condition (AS, PS), beverage (alcohol, placebo), and gaze direction (left, right) were within-subject factors (Woodward et al. 1990 ).
Error analysis
Error-related activity was investigated in 12 participants (five males) who committed >20 errors, 38±23 on average. Error trials were matched with correct trials belonging to the same AS or PS trial type and saccadic direction within each run. The matched correct trials either preceded or followed error trials evenly but were separated by intervening trials. The numbers were equated across beverage conditions to avoid potential bias. Results of the voxelwise random effects group analysis are shown in Fig. 5 . Baseline-normalized percent signal change values were analyzed using a withinsubject ANOVA for the factors of error (error vs. correct) and beverage (alcohol vs. placebo).
Blood flow quantification -ASL
In an attempt to mitigate possible vasoactive effects of alcohol on the BOLD signal, ASL was used to quantify resting perfusion in each session. Details of the methods and results of the ASL analysis have been reported separately (Rickenbacher et al. 2011) , and a description is included as Supplementary Material. The ASL data were analyzed with the FreeSurfer analysis package for 18 participants with complete sets of resting ASL and BOLD scans. In an effort to partial out potential vascular influences, regional perfusion measures were used as covariates in the BOLD analysis of beverage effects on the ACC since the ACC was the only area showing a significant effect of beverage on the BOLD signal (Table 1) . Fig. 2 Performance measures (means ± SEM) reflected in accuracy, error rates (calculated as % of total errors), and SRTs. The overall accuracy was high (a), but participants were more accurate on visually guided PS than on AS trials involving saccadic conflict. b On most error trials, the initial reflexive glance towards the target was immediately corrected. c The saccadic errors that remained uncorrected were more frequent under alcohol than placebo on AS trials. d Saccadic RTs were slower on AS overall, with a strong trend to respond more slowly on AS trials when intoxicated. 
Behavioral results
Performance
Performance accuracy was significantly higher on PS trials (mean ± SD, 95±3.3 %) than on AS trials (87.1±12.5 %;
F 1,20 =13.6, p<0.001), but it was not affected by alcohol (Fig. 2a) . Most of the erroneous saccades were self-corrected under both beverage conditions, particularly on conflict AS compared to PS trials, F 1,20 =42.2, p<0.0001 (Fig. 2b) . However, the saccadic response errors that remained uncorrected were more frequent under alcohol than placebo (Fig. 2c) . As expected, saccadic RTs (Fig. 2d) were significantly slower on AS (300±53 ms) than on PS trials (264±54 ms), (F 1,20 =68.4, p<0.0001). The main effect of alcohol was marginally significant (F 1,20 =3.1, p<0.1), resulting from a strong trend to respond more slowly on AS trials when intoxicated (F 1,20 =3.8, p<0.06). These effects of alcohol on AS latency are subtle and consistent with other evidence (Blekher et al. 2002; Vorstius et al. 2008) . No gender effects were observed on any of the performance measures.
BAES ratings
BAES scores were analyzed with a mixed-model ANOVA with gender as a between-group factor and beverage and phase (ascending BrAC and descending BrAC) relative to baseline as within-subject factors for the "stimulation" and "sedation" subscales. Overall, participants felt less stimulated (F 1,20 =26.7, p<0.0001) and more sedated (F 1,20 =17.4, p<0.001) at the end of the scan as compared to the baseline ratings obtained before drinking. Gender × Beverage × Phase interaction (F 2,40 =4.4, p<0.05) on the Stimulation scale was a result of men reporting more "stimulated" on the ascending BAL when intoxicated as compared to placebo (F 1,20 =6.4, p<0.05). Men's ratings of "stimulation" were also significantly higher on the ascending BAL compared to descending BAL under alcohol (F 1,20 =27.8, p<0.0001). Participants reported feeling more "high" under alcohol than placebo, (F 1,20 =7.0, p<0.01).
Post-experimental questionnaire
Likert scales ranging from 1 (not at all) to 5 (very much) were used for ratings. The task was rated as being quite easy under placebo (1.9±0.9), but alcohol intoxication rendered it somewhat more difficult (2.3±0.8; F 1,20 =6.6, p<0.05). Participants reported being moderately intoxicated under alcohol (2.7±0.7) and not at all under placebo (1.0±0.2). They were able to discriminate between the two beverages, estimating that they were given 2.1±0.6 "alcohol drinks" in an active dose vs. 0.1±0.4 under placebo (more details in Supplementary Material).
Neuroimaging results
Voxelwise group averages (Fig. 3) show that eye movements elicited activity in a distributed frontoparietal cortical network and occipital areas in agreement with previous studies (Ford et al. 2005; McDowell et al. 2008) . Saccadic conflict (AS-PS contrast) is reflected in stronger activity to AS in FEF, SPL, insula (INS) and precuneus overall (Fig. 3) . Beverage effects on AS vs. PS contrast were observed only in the ACC as it was activated by saccadic conflict under placebo but not under alcohol, indicating selective effects of alcohol on top-down functions. Additional confirmatory analyses were performed on the timecourses of the activity within ROIs (Fig. 4) . Saccadic conflict resulted in stronger activity on the AS trials in FEF, SPL, INS, ACC and marginally in SMA bilaterally, as evidenced by a significant main effect of condition type, listed in Table 1 . The only exception was the medial occipital area where the PS elicited stronger activity than the AS bilaterally, left, F 1,21 =4.8, p<0.05, and right, F 1,21 =4.9, p<0.05, consistent with stronger visual input on PS trials as the target is tracked (Dyckman et al. 2007 ). Effects of alcohol were observed only in the ACC, as the factor of beverage interacted with the saccade type on the left (F 1,21 =6.4, p<0.05) and with a strong trend on the right (F 1,21 =4.0, p<0.06). Whereas the high-conflict AS trials evoked stronger activity than PS under placebo both in the left (F 1,21 =25.0, p<0.0001) and the right ACC (F 1,21 =22.8, p<0.001), there was no difference between the AS and PS under alcohol (Table 1 ). These effects held up when the ASL-based measures of CBF in ACC were used as covariates for the subset of 18 participants for whom the ASL data were available. AS-PS difference remained significant under placebo both on the left (F 1,16 =5.6, p<0.05) and on the right (F 1,16 =5.0, p<0.05). Under alcohol, the ACC activity did not differ between the AS and PS (F<0.8). A main effect of saccadic direction with stronger contralateral activity was observed in the occipital cortex both on the left (F 1,21 =31.0, p<0.001) and on the right (F 1,21 =7.8, p<0.05), consistent with other evidence (McDowell et al. 2005) . Greater contralateral activation was also evident in the left SPL overall (F 1,21 =7.7, p<0.01) and in the right SPL for the AS (F 1,21 =4.7, p<0.05). There were no effects of gender.
Error analysis
Saccadic RTs to errors were compared to SRTs on matched correct trials as a function of beverage. Significant interaction of beverage and trial type (F 1,11 =4.9, p<0.05) resulted from shorter SRTs to errors under placebo (249±61 ms) than alcohol (294±43 ms). Voxelwise group averages (Fig. 5) show that the activated network comprised the same predominantly frontoparietal areas as in the main analysis, justifying the use of the same ROIs as described above. Repeated-measures ANOVA indicated that only two areas were sensitive to errors. Errors elicited greater activity than correct trials (F 1,11 =5.6, p<0.05), which was significantly attenuated by alcohol (F 1,11 =7.6, p<0.05). The ACC activity to errors correlated negatively with the psychoticism (P) scale of Eysenck's Personality Questionnaire (EPQ) (Eysenck and Eysenck 1975) under alcohol (r=−0.78, p<0.01), but not placebo (r=0.19, n.s.), indicating that individuals with higher P scores are less likely to engage the ACC during performance monitoring. Moreover, the EPQ-P scores correlated with the number of weekly drinking occasions (r=0.56, p<0.01). Given that impulsivity is an important aspect of Eysenck's P scale (O'Boyle and Barratt 1993), this observation indicates that acute intoxication and consumption levels interact with impulsivity and performance monitoring. The only other area sensitive to errors was ventrolateral prefrontal cortex (VLPFC) with stronger activity on error compared to correct trials (F 1,11 =5.6, p<0.05). Alcohol had no effect on the VLPF activity. In order to examine the effects of beverage on post-error slowing that is observed in tasks with relatively infrequent errors (Jentzsch and Dudschig 2009) , we compared saccadic RTs on the post-error vs. post-correct trials. SRTs were longer on trials following errors (293±79 ms) than following correct responses (272±51 ms; F 1,11 =9.9, p<0.01). The observed post-error slowing did not interact with alcohol.
Discussion
The most notable finding of the present study is alcoholinduced decrease in dorsal ACC activity during saccadic conflict. Moderate alcohol intoxication selectively attenuated activity in the ACC to volitional AS that engage the capacity to inhibit prepotent, visually guided PS. The activity to PS was unaffected by intoxication, suggesting that alcohol affects inhibitory influences and not saccade execution. In addition, alcohol reduced the ACC activity to erroneous responses. There were no significant effects of acute alcohol intoxication on any of the other cortical areas involved in the generation of volitional saccades or error processing, indicating impairment of those aspects of cognitive control that are subserved by the ACC. These findings are compatible with our previous observation of selective alcohol-induced ACC impairment during the Stroop conflict . The Antisaccade and the Stroop tasks rely on different effector systems and engage the oculomotor and manual motor systems, respectively. Furthermore, saccadic responses are hardwired and reflexive, whereas buttonpress manual responses are arbitrary and learned through instruction. Nevertheless, both tasks probe cognitive control functions by interfering with dominant stimulus-response mapping. Conflict-specific activity during both tasks is observed in distributed frontoparietal cortical areas, confirming previous reports (Laird et al. 2005; McDowell et al. 2008) . In both studies, the BOLD activity was reduced by alcohol only in the ACC during conflict and error processing across response modalities, suggesting that alcohol primarily affects high-level cognitive control (Kovacevic et al. 2012; Marinkovic et al. 2012) . However, further studies are needed to examine regionally specific effects of a range of alcohol doses and other tasks probing executive functions. The current study has employed the ASL scan and used perfusion values as covariates in the analysis of the BOLD signal. The alcohol-induced attenuation of the BOLD signal in the ACC remained significant after the changes in cerebral perfusion were partialled out, lending confidence to the observed effects of intoxication. Future studies can additionally use the perfusion values as regressors in a voxelwise analysis of the entire brain.
Behavioral studies confirm that alcohol impairs the ability to inhibit prepotent responses as it increases commission errors on different inhibitory tasks (de Wit et al. 2000; Fillmore and Vogel-Sprott 1999) . Alcohol-induced response disinhibition and premature motor preparation are correlated with personality traits indexing impulsivity (Dougherty et al. 1999; Marinkovic et al. 2000) . The present neuroimaging evidence extends these findings by indicating that the ACC may be the principal substrate of this alcohol-induced impairment. Indeed, the ACC activity to errors correlates negatively with EPQ-P score under alcohol, suggesting that intoxication impairs the error monitoring function especially in more impulsive individuals. Deficient self-regulation is considered to be fundamental to the ability to refrain from drinking (Field et al. 2010; Lyvers 2000) , underlying the importance of these findings. Alcohol-induced ACC impairment may render the inebriated person less capable of exerting cognitive control (Zhao et al. 2012) , resulting in disinhibition, dysfunctional goal-oriented behavior, etc. Indeed, numerous studies have shown that dorsal ACC is important for making decisions and guiding behavior in accordance with goals and intentions, which is the essence of top-down cognitive control (Kennerley et al. 2006; Walton et al. 2007 ).
In the present study, the ACC was sensitive to saccadic conflict and to error processing, in agreement with other functional magnetic resonance imaging (fMRI) studies (Ford et al. 2005 ) and the idea that the same neural process may underlie both error-and conflict monitoring (Carter and van Veen 2007; Mathalon et al. 2003) . Alcohol attenuated the ACC activity during both, conflict AS trials and erroneous responses, consistent with previously reported sensitivity of the error monitoring system to alcohol (Ridderinkhof et al. 2002) . The only other area showing increased activity to errors in the present study was the VLPFC, indicating that it may selectively contribute to error monitoring and possibly to posterror adjustments. Interestingly, this cortical region was not sensitive to saccadic conflict (Fig. 4) , since the BOLD signal to AS did not differ from the activity to PS trials (Table 1) . Furthermore, alcohol intoxication did not exert significant effects on the VLPFC activity either on correct trials or errors (Fig. 5) . Differential sensitivity of the ACC and the VLPFC to the effects of conflict, alcohol intoxication and errors, suggests a functional dissociation between these two areas. The proposed VLPFC role in updating of task representations (Brass et al. 2005 ) is consistent with its contributions to working memory and attention (Corbetta and Shulman 2002) , inhibitory control (Chikazoe et al. 2007) , and response selection (Badre and Wagner 2007) . In addition to maintaining response rules and implementing control, it may monitor for errors, supplying that information to the ACC (Gehring and Knight 2000) . Since in the present study alcohol did not significantly affect the VLPFC activity, it is possible that it compensates for the alcohol-induced impairment of the ACC. In our recent study, the VLPFC was the only area showing relatively greater activity under alcohol than placebo during conflict evoked by Eriksen flanker task (Marinkovic et al. in press) , in agreement with the compensatory hypothesis based on the evidence obtained in chronic alcoholics (Oscar-Berman and Marinkovic 2007; Pfefferbaum et al. 2001) . On this view, cognitive control inclusive of performance monitoring and control is subserved by an interactive mediolateral network. The ACC role might be to monitor for conflict both in the early and late processing stages (Kovacevic et al. 2012; Silton et al. 2010) , and to contribute to suppression of unwanted responses . As an essential part of this interactive circuitry, the VLPFC may monitor performance by maintaining access to task representations via working memory and attentional bias (Miller and Cohen 2001; Petrides 2005) . It may also subserve post-error adjustments. In the present study, post-error slowing was not affected by alcohol, consistent with its resilience to pharmacological manipulations Riba et al. 2005) . Given that the VLPFC activity was sensitive to errors but was not affected significantly by alcohol intoxication or even saccadic conflict, it is possible that error monitoring is carried out by the VLPFC, as suggested by other evidence (Kerns et al. 2004) .
Numerous studies using the AS paradigm indicate that the ACC is recruited during the preparatory stage and is sensitive to cognitive demands (Brown et al. 2007; Johnston et al. 2007 ) which may be mediated by inhibitory projections to the superior colliculus (SC), suppressing its activity on AS trials (Munoz and Everling 2004) . Human lesion studies show that ACC damage impairs suppression of reflexive saccades (Milea et al. 2003) . Other frontoparietal areas are sensitive to saccadic conflict (Figs. 3 and 4) (McDowell et al. 2008) with the FEF controlling the AS (Connolly et al. 2002; Lee et al. 2011) , SPL subserving saccadic execution (Brown et al. 2006) , and SMA supporting saccadic motor programs (Curtis and D'Esposito 2003) .
In conclusion, the present results support previous evidence suggesting that the ACC is essential for recruiting cognitive control during saccadic conflict and erroneous responses. More importantly, the ACC activity to volitional AS and erroneous saccades was selectively attenuated by alcohol intoxication. Taken together with our previous analogous findings with the Stroop task , this study provides converging evidence for the selective vulnerability of the ACC to moderate alcohol intoxication during conflict across different effector systems and cognitive control tasks. By attenuating the ACC contributions during controlled processing, alcohol impairs the capacity to inhibit automatic actions in favor of nonhabitual, task-relevant responses. Alcohol-induced impairment of cognitive control may result in behavioral disinhibition, predisposing individuals to continued heavy drinking.
